Background and aims
Introduction Persistent hepatitis C virus (HCV) infection, which affects about 160 million people worldwide, is the major cause of liver cirrhosis and hepatocellular carcinoma (HCC). HCV-associated HCC, like some cancers in organs such as stomach or uterine cervix, reflects a model of infection-related carcinogenesis, in which chronic inflammation (i.e., the accumulation of immune cells) promotes tumor initiation and progression [1] . Recently, interferon (IFN)-free direct antiviral agents (DAAs) have been replacing pegylated-interferon (PEG-IFN)/ ribavirin (RBV) as a first-line treatment option recommended by international guidelines [2, 3] , because of their high effectiveness and limited toxicity. Many studies have shown that sustained viral responses (SVRs) through IFN-combined therapies reduce liver-related complications [4, 5] . However, although IFN-free DAAs have been shown to eradicate HCV and improve liver residual function [6, 7] , whether IFN-free DAAs can effectively prevent primary or secondary HCC is still unknown.
As a practical matter, patients who receive IFN-free DAAs are usually intolerant of IFN because of hematological toxicities that may be associated with advanced liver cirrhosis, old age, or decompensated liver functions. These are also risk factors for higher HCC incidence rates. Recently, several retrospective clinical studies of early recurrence of HCC after IFN-free DAAs suggested that robust immune re-constitution may be related to earlier HCC recurrence [8] [9] [10] ; conversely, another study suggested this was not the case [11] .
Several studies showed that IFN-free DAAs might evoke immune reconstitution of intrahepatic interferon-stimulated genes (ISGs) [12] and early responses in natural killer (NK) cells [13, 14] . However, these studies were based on pilot studies of clinical trials, and they were not tested clinically. How these immunological changes influence immunosurveillance of HCC is still not clear.
Here, we focused on natural killer group 2, member D (NKG2D), an activating receptor for MHC class I chain-related protein A/B (MICA/B) and other ligands. NKG2D is a widely studied immunoreceptor due to its major relevance in activating immune responses against both infected and transformed cells. NKG2D has been studied in the persistence of HCV infection [15] and HCV-associated HCC [16] . Peripheral blood NKG2D and its ligands have also been found to be dysregulated during the progression of various cancers [17, 18] , and may be useful biomarkers [19, 20] .
To find out how HCV eradication will influence NKG2D expression, and how this difference will correlate to early post-treatment HCC emergence, we conducted a real-world practice-based observational study of patients infected with genotype-1 HCV who were treated with IFN-free DAAs, and compared to those treated with IFN-combined regimen. We analyzed the correlation of NKG2D expression to early emergence of clinically evident HCC after treatment.
Patients and methods

Study subjects
This observational case-control study was specifically approved before we started, by the institutional review board of Keio University School of Medicine (No. 20140177), according to the guidelines of the 1975 Declaration of Helsinki (2008 revision). Recruited study subjects provided prior written informed consents, which included blood sampling, study participation and analysis of clinical data. All of the study subjects received standard of care and treatment, according to their clinical presentation. Measurement of viral kinetics was performed as previously described [15] . Negative plasma HCV-RNA at week 4 is defined as early viral response (EVR). Negative plasma HCV-RNA at 12 weeks after the end of treatment is considered to have a sustained virological response (SVR). We use RECICL2009 [21] , or its minor revision RECICL2015 [22] accordingly during the study period, for evaluation of HCC treatment effect and response. Schema of the study groups is summarized in Fig 1. IFN − /DAA group (the group that received IFN-free DAAs) included 101 IFN-free treatment-naïve patients with chronic HCV genotype-1 infections who had no evident HCC and were undergoing standard HCC surveillance by international recommendations[2] every 3-6 months. No patient of decompensated liver cirrhosis was included in this study. They were treated with daclatasvir (60mg once daily, DCV) and asunaprevir (100mg twice daily, ASV; both Bristol-Myers Squibb, New York, NY, USA) for 24 weeks, or sofosbuvir (400mg once daily, SOF) and ledipasvir (90mg once daily, LDV; both Gilead, Foster City, CA, USA) for 12 weeks. Their treatment started from November 2014 to June 2016. Biochemical studies were performed on sera from these patients retrieved on day 0 (pre-treatment; Pre) and on the end of treatment (EOT; 24 weeks for DAC/ASV and 12 weeks for SOF/LDV) for most cases who achieved SVR or for one case whose HCV-RNA relapsed, or at the time of viral breakthrough (VBT). All 101 patients had PBMCs retrieved on day 0 as part of their pre-treatment evaluations.
IFN − /DAA-FU (follow-up) group was a sub-group of IFN − /DAA group. Twenty-four patients who had been treated by DAC/ASV had additional PBMCs retrieved at the EOT. Cases of both IFN − /DAA group and IFN − /DAA-FU group were thereafter followed-up for HCC surveillance within 6 months after EOT, according to the guidelines [2] . They were stratified by emergence of HCC, including both recurrences and first occurrences. Any HCC recognized during this period was considered to be an early-emerging HCC. Clinical characteristics of IFN − /DAA group and IFN − /DAA-FU group are shown in Table 1 and Table 2 , respectively. Liver function and tumor-related variables at 3 points in the study of the 12 patients who developed early-emerging HCC are summarized in S1 of weekly PEG-IFN-α2b, ribavirin (daily dose based on body weight; Schering-Plough KK, Tokyo, Japan) for 24 weeks, and simeprevir (150 mg once daily, SMV; Janssen KK, Tokyo, Japan) for the first 12 weeks. Serum biochemical studies and PBMCs were retrieved on day 0 (Pre) and on EOT (24 weeks). After EOT, these patients were followed-up for HCC surveillance every 3-6 months regularly, according to the guidelines [2] . Clinical characteristics that compare IFN − /DAA-FU group and IFN + group are shown in S3 Table. Flow cytometry analysis
Patients' PBMCs were isolated freshly without cryopreservation on the day of sampling, and were analyzed by flow cytometry as previously described [15] . Anti-human monoclonal antibodies, including those for CD3 ( 
Statistical analysis
Data were analyzed using JMP12 (SAS Institute, Inc. Cary, NC, USA), and are expressed as median with range or average± standard deviation (SD), as appropriate. Non-parametric Kruskal-Wallis tests were used to assess differences between groups. Categorical data were analyzed using Fisher's exact test. To investigate the independent determining factors for early-emerging HCC, logistic regression models adjusted for covariates were generated. Receiver operating characteristic (ROC) analysis was performed to confirm the usefulness of various parameters to predict early HCC emergence. P < 0.05 was considered significant.
Results
Background characteristics: Significantly higher pre NKG2D correlates to early emerging of clinically evident HCC in IFN − /DAA group
In the IFN − /DAA group, 12 patients (12%) had early-emerging HCC (Table 1) . Compared between patients with or without early-emerging HCC, pre-treatment parameters, including total bilirubin, serum albumin, platelet count, PT-INR, type 4 collagen domain 7s (4COL7s), FIB-4 score, APRI, Forns index, alpha-fetoprotein (AFP), total cholesterol, status of previous HCC history, SVR status, and total NKG2D expression differed significantly. Notably, 60% of the cases had advanced liver fibrosis (FIB-4 score >3. 25) , and 26% of them had liver cirrhosis (APRI >2.0). This reflected a fact that many patients who underwent IFN-free DAAs were ineligible for IFN-combined regimen due to advanced liver fibrosis. In multivariate analysis, the presence of pre-treatment higher total NKG2D expression, along with previous HCC history and non-SVR, was found to be significantly associated with early-emerging HCC, after adjustment for age, sex, AFP, FIB-4 score, and/or serum albumin (Table 3) higher, and that of CD16 ++ CD56 dim NK cells was significantly lower in cases that developed early HCC after IFN-free DAAs (Fig 2B) . Higher pre-treatment NKG2D expression on NK cells and CTLs correlated to previous HCC history, but did not correlated to SVR or FIB-4 scores ( Fig 3A) . As the study subjects were restricted to advanced fibrosis (FIB-4 score over 3.25) or cirrhosis (APRI over 2.0), the tendencies of higher pre-treatment NKG2D expression remained (Fig 3B) , and the expression did not differ significantly when stratified by previous HCC history (Fig 3C) . The analysis of the correlations of various biochemical studies and the NKG2D expression of individual immune cell types showed that higher pre-treatment NKG2D expression of NK cells correlated significantly to decreased liver protein synthesis, including a lower serum albumin levels or a more prolonged PT-INR (Table 4) . Notably, NKG2D expression of NK cells, CD56 + T cells and CTLs all correlated slightly to serum AFP levels ( Table 4) . These results accord with previous studies which showed that background liver fibrosis status might greatly influence HCC development, in both untreated HCV patients [26] and SVR patients treated by PEG-IFN/RBV [27] . With standard surveillance according to the guidelines, nine out of twelve (75%) of the early-emerging HCCs in this current study were of early-stage diseases (BCLC 0-A), and most of the lesions could be ideally controlled, as shown in S1 Because HCV is thought to be noncytopathic [28] , rapid AST/ALT normalization might be a result of rapid depression, whether quantitatively or functionally, of intrahepatic cytotoxic inflammatory cells.
Patient background characteristics of the IFN − /DAA-FU group were shown in Table 2 . The factors that were significantly correlating to early HCC emergence were similar to those in the IFN − /DAA group ( Table 1) . As shown in Fig 4A, in IFN − /DAA-FU group, NKG2D expression on NK cells was significantly decreased generally from pre-treatment to EOT. NKG2D Multivariate Model 1 was adjusted for "Age over 65 years," "sex," "pre-treatment alpha-fetoprotein," "HCC past history," "Non SVR," and "pre-treatment FIB-4 scores." Multivariate Model 2 was adjusted for all variables in Model 1 with "pre-treatment serum albumin," exclusive of "pre-treatment FIB-4
score."Multivariate Model 3 was adjusted for variables in Model 1 and "pre-treatment serum albumin.""Age over 65 years," "sex," and "pre-treatment alpha- relatively unchanged, without significant differences and stayed almost the same (Fig 4C) , even for 12 to 24 weeks after EOT ( S6A Fig) .
In order to clarify the contribution of high levels of pre-NKG2D and the decreased levels of EOT-NKG2D, we did a linear regression analysis between "ΔNKG2D," "pre-treatment NKG2D," and "EOT NKG2D" on NK cells. Pre-treatment NKG2D highly correlated to ΔNKG2D (S5A Fig), however, EOT-NKG2D also significantly correlated to ΔNKG2D (S5A Fig) . Therefore, significant "down-regulation," as shown in Fig 4B, rather than merely "normalization," of the NKG2D expression levels, contributed to ΔNKG2D. Furthermore, pre-NKG2D showed no significant correlations to EOT-NKG2D (S5B Fig) .
An increased compartment of CD25 high helper T cells correlated to NKG2D decrease on NK cells After IFN-free DAA
Since increased intrahepatic TGF-β has been reported in HCV-related liver fibrosis [ (Fig 5A) . Furthermore, when we looked on correlations between NKG2D expression of NK cells and the compartment of CD25 high helper T cells, pre-treatment NKG2D expression on NK cells significantly inversely correlated to the compartment of CD25 high helper T cells (Fig 5B) . We also noticed that the pre-treatment and EOT differences in NKG2D expression (ΔNKG2D) on NK cells significantly correlated to the differences of CD25 On-treatment decreased of NKG2D correlated to early-emerging HCC
Of the 12 patients with early-emerging HCC in this study, ten (83%) showed reduced or stably low levels of serum AFP (S1 Table) . Serum AFP is widely used to help predict post-SVR HCC emergence after IFN-combined therapies [31] . However, as serum AFP is also related to the altered hepatocyte architectures in CHC [32] , rapid normalization of serum AFP after IFN-free DAAs could be misleading; cautious re-evaluation of this useful clinical tumor marker is needed. Because we noticed a significantly greater decrease in NKG2D expression of NK cells from pre-treatment to EOT (ΔNKG2D) in patients with early-emerging HCC (Fig 4B) , we conducted ROC analysis of IFN − /DAA-FU group if ΔNKG2D predicted early-emerging HCC. The analysis showed that a cut-off of 52% decrease or more apparently predicted early-emerging HCC with an AUC = 0.92 in this model. Additionally, serum AFP at EOT had an AUC = 0.89 in the ROC analysis of IFN − /DAA-FU group at a cut-off value of 10ng/ml (Fig 6A) . A more profound decrease of on-treatment NKG2D correlated to past history of HCC, EVR, and platelet count before treatment and at EOT, but didn't correlate to AFP levels before treatment or at EOT (Fig 6B) . On-treatment dynamics NKG2D might be a useful predictor of earlyemerging HCC after IFN-free DAAs.
Discussions
To our knowledge, this is the first real-world practice-based study to focus on immunological changes that correlate with early HCC emergence, with regard to IFN-free vs. IFN-combined regimens. Pre-treatment higher NKG2D expression and more profound NKG2D decrease ontreatment were noticed in patients with early-emerging HCC after IFN-free DAAs.
Previous studies [8] [9] [10] [11] discussed the possibility of clinically undetectable HCCs or mistaken initial staging before administering IFN-free DAAs. In cirrhotic livers, transforming cells with genetic damages might have existed before they become transformed and large enough to be clinically detectable [33] . Additionally, subclinical HCCs could be cleared by host immunosurveillance in an early stage [34] before they become evident. Golden-Mason et al. demonstrated increased hepatic interleukin-15 (IL-15) promotes intrahepatic NK homeostasis, in chronic HCV infection [35] . IL-15 has also been showed to promote MICA/B-NKG2D interaction in CHC [36] . Therefore, higher pre-treatment levels of NKG2D (as shown in Table 1 and Fig 2) Prenner et al. showed in a retrospective study that the existence of active HCC might reduce the rate to achieve SVR by IFN-free DAAs [37] . As we also showed in Table 1 that non-SVR correlated to early emergence of clinically evident HCC, pre-treatment existence of clinically undetectable HCC may be suggested as a causative factor for treatment failure.
Natural [40] in chronic hepatitis C. To our knowledge, this current study is the first to demonstrate the significant differences of the two compartments between cases that developed HCC after treatment or not (Fig 2B) . 
NKG2D and early HCC after IFN-free DAAs
In this study, various possible mechanisms might explain why on-treatment immune cells behave differently than in those undergoing IFN-free DAAs and IFN-combined therapy. First, the external administration of IFN-α might play a role. Reportedly, ISGs can be greatly decreased in patients treated with IFN-free DAAs [12] , thus external IFN might explain why NKG2D expression on NK cells is maintained in IFN-combined therapy. Stegmann et al. showed that ex vivo stimulation of NK cells by IFN-α helped increase recognition of HCVinfected hepatoma cells [41] . Second, NKG2D ligands have been implicated in immune escape of tumor cells [42] and viral-induced HCC [16] . Mechanisms such as increased soluble NKG2D ligand shedding from HCC [43] could be possible, and should be further studied. Third, an successful DAA treatment [47] . However, whether and how TGF-β changes during the rapid eradication of HCV by IFN-free DAAs still need to be investigated. In earlier clinical trial-based PBMC studies, Spaan et al. demonstrated, in 12 patients who received DCV/ASV, a significant decrease of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) expression on NK cells from day 0 to 12W-i.e., half of the treatment course [14] . Serti et al. showed a rapid decrease in viremia and levels of inflammatory cytokines were associated with decreased activation of intrahepatic and blood NK cells in 13 patients who received DCV/ASV [13] . However, these studies showed relatively no significant change in NKG2D expression as we show here. The discrepancies in NKG2D expression between studies in chronic HCV infection are thought to reflect background host factors, such as degree of background fibrosis, or possible clinically undetectable pre-cancerous lesions in this real-world practice setting. In this current study, pre-treatment fibrotic status of the liver, implicated as higher pre-treatment FIB-4 scores (Tables 1 and 3) , decreased hepatic protein synthesis (Table 4) , and lower platelet counts (Fig 6B) , were suggested to correlate to the differences in NKG2D expression.
Decreased NKG2D (Fig 4) and increased compartment of CD25 high helper T cells (Fig 5) are generally thought to be unfavorable to immunosurveillance of cancer cells [45] ; these events might demonstrate how the influence on host immune response when a persistent infectious factor (in this case, HCV) is rigorously eradicated. Our study here suggested that rapid viral suppression by IFN-free DAAs may depress cytotoxic inflammatory cells, thus leading to a state of temporal relative immunosuppression due to immune reconstitution, not only to transformed cells as shown in this study, but also to cells co-infected with viruses such as hepatitis B virus (HBV) or herpes viruses, as increased reactivations of these viruses have been reported in patients who undergo IFN-free DAA treatment [48, 49] . However, in this study, successful HCV eradication (leading to SVR or not) was still an optimistic predictor of HCC development ( Table 3) . As with SVR after IFN-combined therapies that were effective for a second recurrence of HCC, but not for the first [50] , we must still manage HCCs that may have existed before administration of IFN-free DAAs, even if they are not clinically evident. As IFN-free DAAs effectively lead to viral eradication, we might use IFN-free DAAs, if we are careful, in patients who are suspected to be at higher HCC risk, such as those with advanced fibrosis, or past history of HCC. Additionally, because immune cells might react quite differently to treatments with or without external IFN-α, what we have learned from previous IFNcombined therapies, including post-treatment follow-up parameters, intervals or durations, might also need to be re-evaluated. A major limitation of this study is its observational design that is exploratory in nature. Subsequent studies with larger subject numbers will be needed to solidify the associations described in this study. We cannot conclude if there is a causal relationship between DAA administration, the on-treatment NKG2D decease, and HCC emergence. Again, we have to emphasize that this current study alone is not enough for indicating whether IFN-free DAAs increase the emergence of HCC or not. Additionally, due to IFN tolerability, background characteristics vary between study cohort (IFN -/DAA group) and the control (IFN + group) in liver fibrotic status (S3 Table) . Besides external IFN, the less fibrotic liver may also contribute to the maintenance of NKG2D expression in IFN + group. Because only four cases with de novo early HCC were included in this study, our current data along may not be sufficient to conclude if there is any difference compared with early recurrence.
In conclusion, In this study based on real-world clinical practice, we found that early emergence of clinically evident HCC after IFN-free DAA treatment correlated to significant and profound decrease of NKG2D expression on NK cells, compared with that of patients who were treated with IFN-combined therapy. Stricter monitoring and use of novel non-invasive markers to predict fibrosis or HCC development are warranted. On-treatment dynamics of peripheral blood NKG2D expression could be a useful predictor of HCC in patients receiving IFN-free DAAs. 
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